properties [2] , [3] . CNTs have long mean free paths (MFPs) on the order of several micrometers (as compared to 40 nm for Cu at room temperature), which provide low resistivity and possible ballistic transport in short-length interconnects [4] . More importantly, an isolated CNT can carry current densities in excess of 10 10 A/cm 2 without any signs of damage even at an elevated temperature of 250
• C [5] , thereby eliminating electromigration reliability concerns that plague nanoscale Cu interconnects [6] [7] [8] .
CNTs are sheets of graphene rolled up as hollow cylinders. CNTs can be classified as single-walled (SWCNTs, with only one shell and diameter ranging from 0.4 to 4 nm) and multiwalled (MWCNTs, with several concentric shells and diameter ranging from several nanometers to tens of nanometers). While SWCNTs can be either metallic or semiconducting depending on their chirality (the direction in which they get rolled up), giving rise to zigzag (mostly semiconducting), armchair (metallic), or chiral nanotubes (mostly semiconducting), MWCNTs are always metallic. Moreover, MWCNTs have similar current carrying capacity (as metallic SWCNTs) but are easier to fabricate than SWCNTs due to easier control of the growth process. However, due to its simple structure, SWCNTs can be modeled more easily than MWCNTs. In fact, while most CNT interconnect fabrication efforts have targeted MWCNTs [9] [10] [11] [12] , nearly all modeling efforts are focused on the analysis of isolated SWCNTs [13] or SWCNT bundles [14] [15] [16] [17] . These studies indicate that compared to Cu wires, SWCNT bundles can provide significant improvement in delay for long (global and intermediate levels) interconnects.
However, few research efforts have addressed the modeling and performance analysis of MWCNT-based interconnects due to their complexity in both structure and characterization. MWCNTs consist of several coaxial CNT shells (as shown in Fig. 1 ) and each shell in an MWCNT can have different chiralities depending on the direction they are rolled up, which implies that the shells in MWCNT may be metallic or semiconducting.
It is important to note that, until recently, MWCNTs had not been reported to exhibit conductance values comparable to 0018-9383/$25.00 © 2008 IEEE Fig. 2 . (a) Band structure of a zigzag (256, 0) carbon nanotube, and (b) the band structure after zoom in for clarity. K is the normalized wave vector. Each line denotes a subband of CNT shell. In the circular area (around K = 0), the energy difference between the conduction band edge (Ec) and Fermi-level E F is smaller than k B T .
SWCNTs and, therefore, were considered less desirable than SWCNTs for interconnect applications. This can be attributed to the fact that in the early experiments, only the outermost shell in MWCNTs was contacted with metal, whereas the inner shells were isolated from the contact, and therefore had little effect on the conductance [18] . However, more recently, it has been found that multiple shells in an MWCNT can contribute to conductance if proper end contacts can be made. In [11] , [12] , and [19] , properly contacted MWCNTs have been implemented to achieve low resistance with the contribution of inner shells. Moreover, low resistances achieved in these works also indicate that the contact resistance between metal and the nanotube can be relatively small.
In order to analyze the performance of MWCNT interconnects, their equivalent distributed circuit model needs to be derived. In [20] , a compact model of conductivity of MWCNTs is proposed, which is applicable for various diameters and lengths. However, it is important to note that the performance of interconnects is usually affected by other interconnect parasitic parameters, such as capacitance and inductance. Furthermore, as it will be shown in Section II, the circuit model of MWCNTs is much more complex than the traditional RLC distributed interconnect model. Not only does each shell in MWCNTs have different parameters but also there are couplings between neighboring shells. Hence, simply adding up the conductance of each shell is insufficient for predicting the overall performance of MWCNTs. Coupling between neighboring shells has been considered in [21] , where the crosstalk effect of MWCNT was discussed. However, they did not consider the diameter dependence of conducting channels and assumed all shells in an MWCNT to have identical number of conducting channels as in an SWCNT (= 2), which is not correct, particularly for large-diameter MWCNTs.
In this paper, an equivalent distributed circuit model of MWCNTs is proposed, in which the diameter dependence of MFP and conducting channel are incorporated. Intershell coupling and tunneling effects are also taken into account. Based on the interconnect geometry predicted by ITRS 2005 [22] , the proposed model is implemented and employed for comprehensive performance comparisons between MWCNT interconnects, Cu wires, and SWCNT bundles at the local, intermediate, and global interconnect levels. The results can provide guidelines for the development of CNT-based interconnect technology in future IC applications.
This paper is organized as follows. Section II introduces the equivalent circuit model for an MWCNT, which can serve as the basis for the performance prediction of MWCNT interconnects. In Section III, resistivity and performance comparison between MWCNT interconnects and Cu interconnects are carried out based on a typical interconnect structure. Further results of performance comparison between MWCNT and SWCNT bundles are presented in Section IV. Finally, conclusions are drawn in Section V.
II. EQUIVALENT DISTRIBUTED CIRCUIT MODEL OF MWCNT
An isolated MWCNT on an infinite ground plane is shown in Fig. 1 . The separation between the nanotube center and the ground is H, the diameter of the outermost shell is D max , the innermost shell's diameter is D min , and the interval between two adjacent shells is d ≈ 0.34 nm, which is the van der Waals gap.
A. Conductive Property of MWCNT
Because of its large diameter, the shells of an MWCNT would be conductive even if they are of semiconducting chirality. This can be explained from the band structure of a large-diameter nanotube. Fig. 2(a) shows the band structure of a zigzag CNT shell, whose diameter is 20 nm and can be characterized by the chiral index (256, 0). It is a semiconducting structure and has an energy gap, as shown in Fig. 2(b) . At room temperature (T = 300 K), the thermal energy, denoted by k B T , is equal to 0.0258 eV approximately, where k B is the Boltzmann constant. From Fig. 2(b) , it can be observed that for (256, 0) zigzag CNT, the energy difference between the conduction band edge (E C ) and the Fermi level E F is smaller than 0.0258 eV, which indicates that when the diameter of CNT is around 20 nm or larger, these energy differences will be smeared by the environment temperature.
In addition, even if the energy difference between the subbands and E F is larger than k B T , this energy difference is relatively small due to the large density of states in largediameter shells. The electrons in those subbands have reasonable probability (f i ) to appear at E F following the Fermi-Dirac distribution function:
where E i is the highest (or lowest) value for the subbands below (or above) the Fermi level E F . Since there are large number of subbands in large-diameter shells, their cumulative effect on the probability could be large, which implies that they could have large number of conducting channels. Thus, since MWCNTs have many large-diameter shells, they could turn out to be good electrical conductors and would be very attractive as possible interconnect materials.
B. Number of Channels
Based on (1), the number of conducting channels (spin degeneracy is already considered) in any shell can be obtained by adding up all the probabilities
In further analysis, it is more convenient to use the approximated form of (2) given in [20] as
where D is the diameter of the shell, a = 0.0612 nm −1 , and b = 0.425. The error introduced by (3), due to different chiralities, is within 15% for all values of D.
In this paper, similar to the experimental measurements in [19] and modeling in [20] , the ratio of D min /D max can be assumed to be 1/2, approximately. Thus, the number of shells p of the MWCNT is determined by
where "Inter[·]" indicates that only the integer part is taken into account. If we denote the shells from the outer to the inner as 1, 2, . . . , i, . . ., and p, the diameter of the i th shell is given by
where d is the van der Waals gap. The innermost diameter in Fig. 1 is 
Hence, the total number of conducting channels is given by the sum of the conducting channels (N i ) of all the shells. It is important to note that (3) and (6) are only applicable under Fig. 3 . Equivalent distributed circuit model of an individual shell. Rmc is the imperfect contact resistance, R Q is the quantum contact resistance, R S is the scattering-induced resistance, L K and L M are the kinetic and magnetic inductances, respectively, and C Q and C E are the quantum and electrostatic capacitances, respectively. small voltage bias, which is known to be valid for interconnect analysis [14] [15] [16] [17] .
C. R, L, and C for an Individual Shell
Having obtained the number of conducting channels for a given shell, one can obtain its circuit model by following a similar procedure used in the derivation of the model of SWCNTs, which is shown in Fig. 3 .
1) Resistance:
The resistance of a shell consists of three parts [4] : quantum contact resistance R Q , scattering-induced resistance R S , and imperfect contact resistance R mc . Note that R S only occurs if the length of the nanotube (shell) is larger than the electron MFP. R Q and R S are intrinsic, and R mc is due to fabrication process. The value of the intrinsic conductance (G) is determined by
where h/2e 2 ∼ 12.9 kΩ, and L, λ, and N are the length, MFP, and number of conducting channels of the shell, respectively. The imperfect contact resistance R mc can range from zero to hundreds of kilo-Ohms for different growth processes. Recently, as demonstrated in [11] , [12] , and [19] , R mc in MWCNT could be very small compared to the total resistance.
From (7), it can be observed that the value of MFP plays an important role in determining the resistance of the nanotube. It has been proven that the MFP of nanotube is proportional to the diameter, both for metallic and semiconducting nanotubes.
For metallic nanotube, it is derived in [23] that
where ψ is the nearest neighbor tight-binding parameter, ε is the on-site energies, and σ ε and σ ψ are the variances of ε and ψ, respectively. σ ε , σ ψ , and ψ can be considered to be constant. For semiconducting nanotube, we can obtain this linear relationship from [24] , as given by
where v F is the Fermi velocity of CNTs (∼8 × 10 5 m/s), α is the coefficient of scattering rate, and T is the temperature.
Thus, irrespective of the nature of shells in an MWCNT, metallic or semiconducting, its MFP always depends on its diameter. For a typical SWCNT with D = 1 nm, the MFP is about 1 µm [17] , [20] . 1 Thus, we can have λ ≈ 1000D. 2) Inductance: For a CNT, there are magnetic inductance and kinetic inductance [13] (as shown in Fig. 3 ). The magnetic and kinetic inductances per unit length of a shell with configuration shown in Fig. 1 are
For 3 nm < D < 100 nm, the total kinetic inductance (L K/shell ) may decrease from 13 to 1 nH/µm. Meanwhile, the magnetic inductance of each shell described in (10) is a weak function of the factor H/D. For 1 < H/D < 100, the magnetic inductance ranges from 0.2 to 1.2 pH/µm, which is much smaller than the kinetic inductance. Hence, the magnetic inductance has been ignored in this paper.
3) Capacitance: The capacitance of a CNT also has two parts: quantum capacitance C Q and electrostatic capacitance C E (as shown in Fig. 3 ). According to the result in [13] , quantum capacitance per unit length of a shell can be derived as
The electrostatic capacitance (C E ) depends on the geometry of the structure and will be discussed in the next section.
D. MWCNT Model
An MWCNT consists of many concentric shells, which can be viewed as several shells in parallel. It may seem similar to an SWCNT bundle consisting of many nanotubes in parallel, but in fact, it has significant differences with an SWCNT bundle. For an SWCNT bundle, since all nanotubes in the bundle are assumed to have identical diameter, they can be easily transformed into a simple circuit model [14] [15] [16] [17] : The effective resistance and kinetic inductance per tube are divided by the number of SWCNTs, and the quantum capacitance per tube is multiplied by the number of SWCNTs. However, in an MWCNT, different shells have different diameters, which translate to different channel numbers and MFPs, resulting in different circuit parameters. Hence, the parameters of each shell cannot be combined in a simple way as in the case of SWCNT bundles.
Moreover, since circuit parameters of different shells vary in MWCNTs, the potentials of different shells cannot be assumed to be equal as in the case of SWCNT bundles, which induces shell-to-shell capacitive coupling. This coupling capacitance is akin to electrostatic capacitance and will be very large due to the small separation between two adjacent shells. The shell-to- 1 The value of MFP reported in these papers is based on measurements and is smaller than theoretical predictions.
shell capacitance per unit length (C S ) can be obtained by using the coaxial capacitance formula [25] 
where D out and D in are the diameters of the outer and inner shells of adjacent coaxial shells, and d equals 0.34 nm.
One important physical effect in MWCNTs is the tunneling effect between two adjacent shells. This effect still needs more investigation since there are some conflicting conclusions in the literature. In [26] , it is claimed that the interaction between shells in an idealized MWCNT can be assumed to be neglegible. Theoretical analysis in [27] also shows that the tunneling current between shells of a defect-free infinitely long MWCNT is vanishingly small in general, whereas measurements in [28] 2 show that the conductance between two shells is about ∼(10 kΩ) −1 /µm, which yields a radial resistivity value of ∼1 Ω · m. Note that this measured resistivity is only for the shell interval of d = 0.34 nm. However, the tunneling effect would be exponentially dependent on the shell interval. Since the shell interval of MWCNT can be assumed to be 0.34 nm, here, we introduce a normalized tunneling conductivity (σ) as a parameter that includes shell interval dependence. The value of this normalized tunneling conductivity then can be calculated as 0.3 (µΩ · cm 2 ) −1 based on measurements [28] . The intershell tunneling conductance per unit length can be derived as
where σ and D are normalized tunneling conductivity at d = 0.34 nm and the shell diameter, respectively. In our model, in order to analyze the impact of tunneling effect on the performance, we employed a range of the normalized tunneling conductivity from no tunneling effect (σ = 0) to the measurement value of 0.3 (µΩ · cm 2 ) −1 . Note that the tunneling conductance is proportional to the diameter. This is because there are more atoms in a larger diameter shell and tunneling is more likely to take place.
Another effect is the magnetic coupling between the shells in an MWCNT. Because of the large diameter and small thickness, each shell can be treated as an ideal sheet cylinder with zero thickness. The mutual inductance per unit length between different shells can be derived from the equations in [29] as
where L is the length, and D out and D in are the diameters of the outer and inner shells of the coaxial structure, respectively. From (16) , the mutual inductance between shells can be estimated to be around 2 pH/µm, which is much smaller than the kinetic inductance of each shell (of the order of nanohenry per micrometer). Hence, the mutual inductance is ignored in our analysis.
Based on the aforementioned analysis, an equivalent distributed circuit model for MWCNT interconnect is proposed, as shown in Fig. 4 . The quantum resistance R Q and scattering resistance R S are obtained by using (7) . Kinetic inductance L K , quantum capacitance C Q , shell-to-shell capacitance C S , and tunneling conductance G T are given by (12)- (15), respectively. The quantum capacitance C Q is in series with electrostatic capacitance (including shell-to-shell capacitance C S and ground capacitance C E ) [13] . Note that there is only one total ground capacitance C E in the model shown in Fig. 4 . This is because only the outermost shell has the electrostatic interaction with the ground, whereas the inner shells are shielded. For shellto-shell capacitance and tunneling, only neighboring shells are involved. Therefore, for p shells, there is only p − 1 number of C S and G T . The equivalent model in Fig. 4 can be employed for circuit simulation using SPICE.
III. MWCNT VERSUS Cu INTERCONNECTS
In this section, the delay of an MWCNT interconnect is estimated and compared with the traditional Cu interconnect. We consider a typical interconnect structure shown in Fig. 5(a) and (b), where R t and C out are the equivalent output resistance and capacitance of the gate driver, respectively, and C load is the input capacitance of the load gate. The input excitation is assumed to be a step signal. All interconnect parameters used in simulations are obtained from ITRS 2005 [22] , as summarized in Table I . In this paper, the diameter of MWCNT is set equal to the minimum width of interconnect (as shown in Table I ) at each technology node, unless specified otherwise. The capacitance of a Cu wire and MWCNT bundle is calculated by using the modified FEM method [30] , and the inductance of Cu interconnect is calculated using FastHenry [31] . In the simulations, Cu interconnects are simulated using the rigorous distributed "W" model of HSPICE [32] , whereas the MWCNTs are simulated using the equivalent circuit shown Table I . SWCNT bundles are assumed to be densely packed.
in Fig. 4 , with the distributed elements repeated over 200-300 subsections in order to get comparable accuracy.
A. Comparison of Equivalent Resistivity
In order to comprehend the intrinsic differences between MWCNT, SWCNT, and Cu interconnects, their equivalent resistivities are compared. This is helpful for understanding the subsequent results of performance comparisons between MWCNTs, Cu, and SWCNTs at different interconnect levels.
Based on the model and equation (7) described in Section II, the conductance of MWCNTs can be obtained by summing up the conductances of all shells. Similar to the study in [20] , we employed an equivalent resistivity of MWCNTs and compared it with that of Cu. The diameters of MWCNTs are chosen according to typical interconnect widths, as shown in Table I . The comparison result is shown in Fig. 6 . For Cu wires, the resistivities of local and intermediate level wires are adopted from ITRS as in Table I . For SWCNT bundles, we considered them to be densely packed but for two cases: 1) All the CNTs in the bundle are metallic, and 2) CNTs in the bundle have random charities, which implies that only 1/3 of CNTs are metallic and contribute to conductance.
It can be observed that for long lengths (> 10 µm), the resisitivity of MWCNTs could be several times lower than that of Cu wire and becomes increasingly comparable to that of SWCNT bundles.
B. Global Interconnects
Lengths of global interconnects can be on the order of millimeters. Repeaters are normally inserted in order to increase the drive capability and reduce the signal delay. The size of repeaters is often much larger than the minimum sized gates [33] . In this paper, we consider the interconnect section between two such adjacent repeaters [as shown in Fig. 5(a) ], whose size is set to be 100 times the minimum size. It is important to note that if different repeater sizes are used, (such as the optimal size rather than the fixed value used here), the absolute values of the following comparisons would be different, however, the trends of the comparative results will remain the same.
The comparison of delay between MWCNT and Cu interconnects at the global level is shown in Fig. 7(a) . It can be observed that the delay (τ ) of MWCNT interconnects is smaller than that of Cu interconnects and that the improvement in delay performance in the case of MWCNT interconnects increases for longer lengths. At 1000 µm, the delay of MWCNT interconnect is only around 15% of that of Cu interconnect. This indicates that MWCNT can improve the circuit performance significantly in future interconnect applications. It is also shown that the normalized tunneling conductivity value of 0.3 (µΩ · cm 2 ) −1 has minor impact on the performance enhancement. It is instructive to note that for MWCNT global wires, performance estimation based solely on the resistivity values (Fig. 6) or on a simple RC (or simple RLC) delay model will induce large errors since the equivalent circuit model for MWCNTs is more complex, as shown in Fig. 4 .
In the aforementioned analysis, the width of global interconnects is assumed to be the minimum width predicted by ITRS (shown in Table I ). In practice, the width of global interconnects is normally much wider than the minimum value (3 ∼ 10 × W min ) in order to reduce the resistance of the wire and thus decrease delay, IR drop and power consumption [34] , [35] . Fig. 7(b) shows the signal delay ratios of an MWCNT interconnect to a Cu interconnect at the global level at the 22-nm technology node for three different widths (W min , 3 · W min , and 6 · W min ). The outer diameter of MWCNT is set to be the minimum value (32 nm). Thus, the number of MWCNTs in these three scenarios are 3, 9, and 18, respectively. It can be observed that the delay ratio increases with increasing wire width (i.e., the performance enhancement of MWCNT interconnect decreases).
However, if the width of global interconnect is increased, the diameter of MWCNTs could also be increased accordingly. The impact of increasing the MWCNT diameter is shown in Fig. 7(c) . In this figure, the wire width is kept constant (6 · W min ), whereas MWCNTs of three diameters (24, 32, and 48 nm) are considered. The numbers of MWCNTs in these scenarios are 32, 18, and 8, respectively. Although larger diameter decreases the number of MWCNTs contained in the interconnect cross section, it effectively enhances the circuit performance particularly for longer wires. This is due to the fact that for larger diameters, the resistivity of MWCNT for long lengths (as shown in Fig. 6 ) becomes smaller, which counteracts the negative effect of decreasing number of MWCNTs.
C. Intermediate Interconnects
Although the lengths of intermediate level interconnects are often shorter than that of global interconnects, repeaters are still required for intermediate level interconnects. In this paper, the size of repeater is chosen to be 50 times the minimum size for intermediate interconnects (length ranges from 20 to 500 µm). Fig. 8(a) shows the delay comparison of intermediate MWCNT and Cu interconnects for different technology nodes. It is found that similar to global level interconnects, the performance of MWCNT interconnects is much better than that of Cu, and the improvement in delay increases with increasing length and technology scaling. At 500-µm length, the delay Fig. 7 . Signal delay ratios of MWCNT interconnect with respect to Cu interconnect at the global level for (a) minimum interconnect widths as in Table I , (b) different widths but the same MWCNT diameter, and (c) identical widths but different MWCNT diameters. In (a), the normalized tunneling conductivity (σ) value between adjacent shells is assumed to be 0 and 0.3 (µΩ · cm 2 ) −1 , represented by solid and broken lines, respectively. The significantly smaller signal delays of MWCNT interconnects at the global and intermediate levels have significant implications for nanoscale VLSI. Smaller signal delay can provide higher operating frequency and faster circuit speed. From repeater insertion perspective, interconnects with smaller delay can endure longer distances between adjacent repeaters and therefore need fewer repeaters, which can further save chip area and power consumption. Hence, using MWCNT interconnects (in place of Cu) can achieve higher performance and lower power in integrated circuits.
D. Local Interconnects
Local interconnects have the smallest cross section and largest resistance per unit length, as compared to either intermediate or global interconnects. They are often used for connecting nearby gates or devices, with lengths on the order of micrometers. The drivers at the local level are usually minimum sized gates and have fanout > 1. A typical fanout scenario is FO4 (fanout of four), which is considered in this paper.
For the smallest MWCNT (D max = 14 nm) concerned, the smallest MFP associated with the innermost shell (D min = 7 nm) is about 7 µm [known from (8) or (9)], which is much larger than the typical length of local interconnects. Under such a condition, it can be assumed that the MWCNT is in ballistic transport regime with no scattering effects. Hence, the scattering-induced resistance R S can be ignored for local level interconnects. Fig. 8(b) shows the comparison of signal delay between local level MWCNT and Cu interconnects. Unlike the case of intermediate or global level, the delay of MWCNT interconnects at the local level is marginally larger than that of Cu (by ∼1%-6%). From Fig. 6 , one can observe that the resistivity of MWCNTs is much larger than that of Cu wires for lengths around 1 µm. However, due to small driver size, and thereby large driver resistance, the shortcoming of local level MWCNT interconnects is overshadowed by the driver gates. This result also indicates that only resistivity comparison, as presented in [20] , is insufficient for the accurate analysis of circuit performance.
E. Impact of R mc
In previous analysis (Section III-B-D), the imperfect contact resistance (R mc ) of MWCNT interconnect was considered to be zero. Although it has been pointed out in Section II-C that this imperfect contact resistance could be very small, it is analyzed here in order to comprehend its impact quantitatively. Fig. 8(c) shows the impact of R mc on the delay at various interconnect levels. As can be observed, even for R mc value as large as 20 kΩ per conducting channel, the delay penalty is Table I ). The number of MWCNTs is equal to the aspect ratio. The broken lines correspond to SWCNTs which are all metallic, and the solid lines are for SWCNTs with random chiralities. less than 6%, which indicates that R mc does not have significant impact on MWCNT interconnects. Similar conclusion has been drawn for SWCNT bundles in the case of long interconnects [14] , [15] . Moreover, the effect of R mc is relatively larger in intermediate level interconnects since their driver resistances are smaller than those of the local wires and their scattering resistance is not as large as those of the global wires.
IV. MWCNT VERSUS SWCNT INTERCONNECTS
As discussed in Section I, both SWCNT and MWCNT can be used as interconnect material. From the aforementioned discussions and the results from previous SWCNT interconnect modeling works [14] [15] [16] [17] , it can be concluded that both SWCNT and MWCNT interconnects can achieve better performance than Cu wires for long lengths. However, it is important to investigate how SWCNT and MWCNT compare with each other. This is due to the fact that, at present, several fabrication challenges need to be overcome for densely packed near-100% metallic SWCNT bundles. Hence, the performances of SWCNT-and MWCNT-based interconnects are compared here.
The cross-sectional view of SWCNT bundles is shown in Fig. 5(c) . For densely packed bundles, the intervals between adjacent SWCNTs (d) can be assumed to be 0.34 nm, which is the van der Waals gap. The number of SWCNTs in the bundle is calculated as follows:
where N W and N H are obtained from the equations shown in Fig. 5(c) , and the operator "Inter[·]" indicates that only the integer part is to be considered. Here, the diameter of SWCNT is assumed to be 1 nm, which has also been used in previous SWCNT works [14] [15] [16] [17] . Two cases of SWCNT bundles are examined: 1) All the SWCNTs in the bundles are metallic, and 2) the SWCNTs in the bundles have random chiralities, i.e., only 1/3 of the SWCNTs are metallic, whereas the rest 2/3 of the SWCNT are semiconducting and do not contribute to the conductance. It is important to note that while the fraction of metallic SWCNTs in a bundle can be increased beyond 1/3 by using some selective techniques (such as in [36] ), achieving 100% metallic SWCNTs remains challenging. Another issue of SWCNT bundle is the density of nanotubes. The low fraction of metallic SWCNTs in a bundle in the second case can also be regarded as low nanotube density in the bundle. Thus, not only the impact of chirality but also the impact of density can be demonstrated through the following performance analysis. Same structure (shown in Fig. 5 ) and geometrical parameters (shown in Table I ) used in Section III are employed for SWCNT bundles at the global, intermediate, and local interconnect levels, respectively. The resistance, inductance, and quantum capacitance of SWCNT can be calculated based on (7), (12) , and (13), respectively (with channel number = 2). For densely packed SWCNT bundles, their electrostatic capacitance has slight difference with the capacitance of Cu wire [17] . Hence, it is reasonable to assume that the electrostatic capacitances of dense SWCNT bundles are equal to those of Cu wires. Here, similar to the aforementioned analysis for MWCNTs, the metal-nanotube contact resistance R mc of SWCNT bundles is ignored. The simulations for SWCNT interconnects are based on rigorous distributed "W" model in HSPICE [32] . Fig. 9(a) shows the delay comparison between MWCNT and SWCNT bundle interconnects at the global level. It is found that the chiralities (or density) of SWCNTs in the bundle have significant effect on the interconnect performance. If the SWCNTs are all metallic, SWCNT interconnects can outperform MWCNT when the diameter of MWCNT is small, which will be the case for highly scaled technologies (such as in 14-nm technology node). However, if the SWCNTs have random chiralities (or is of low density), the MWCNT interconnect can achieve much better performance than that of SWCNT bundles. It is also shown that for larger dimension and longer interconnects, MWCNTs can be advantageous. This can be explained based on the smaller resistivity of large-diameter MWCNTs, as shown in Fig. 6 . Similar phenomena can also be observed at the intermediate level, as shown in Fig. 9(b) .
For local interconnects, the comparison between MWCNT and SWCNT interconnects is shown in Fig. 9(c) . Unlike the intermediate and global interconnects, the chiralities of SWCNTs in bundles have little effect on their performance. When the chiralities of SWCNTs are changed from all metallic to random, the delay ratios change by only < 5%. Note that although the resistivity of MWCNT interconnects for short lengths is much larger than that of SWCNT, it still marginally outperforms the SWCNTs. This can be explained based on the fact that the electrostatic capacitance of MWCNT interconnects is smaller than that of SWCNT bundles (equal to Cu wires, as shown in Table I) . At the local level, because of large driver resistance, the difference in resistance between MWCNT and SWCNT interconnects gets screened, and the interconnect capacitance plays a more dominant role than the interconnect resistance. Furthermore, as shown in Fig. 9(c) , the situation (in terms of the delay ratio) is reverse for small-diameter MWCNTs as compared to Fig. 9(a) and (b) . This could be due to the fact that MWCNTs with smaller diameter have lower resistivity at shorter lengths, as shown in Fig. 6 .
To summarize, in order for SWCNT bundles to be competitive (or better) with respect to MWCNT interconnects, dense SWCNT bundles with high metallic fraction are necessary.
V. CONCLUSION
The applicability of MWCNTs as an interconnect candidate in future design of integrated circuits has been explored theoretically in this paper. With large diameter, each shell in MWCNT has long MFP and contributes to the conductance, even if the shell is of semiconducting chirality. A comprehensive equivalent distributed circuit model has been presented, based on which the performance of MWCNT interconnects has been evaluated and compared with that of Cu interconnects as well as SWCNT interconnects. For long (intermediate and global levels) interconnects, MWCNT interconnects show significant improvement in signal delay as compared to Cu wires (as low as 15% of Cu delay). It is also predicted that the improvement will be enhanced with further technology scaling. For short local interconnects, the delay of MWCNT interconnects is marginally larger than that of Cu (by 1%-6%). When compared to SWCNT bundles, if SWCNTs can be densely packed and have high (near 100%) metallic fraction, MWCNT interconnects do not exhibit any evident advantages. However, in the case of SWCNT bundles with random chiralities (or low density), MWCNT interconnects can outperform SWCNT bundles, even at long lengths. Therefore, since MWCNTs are easier to fabricate with less concern about chirality and density control, they can be attractive for immediate use as horizontal wires in VLSI, including local, intermediate, and global level interconnects.
